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Anthropogenic perfluorinated acids and
related perfluorinated compounds were only
recently shown to be present in a great diver-
sity of aquatic wildlife species and ﬁsh-eating
mammals and birds. In these animals, perﬂuo-
rooctane sulfonic acid (PFOS) was demon-
strated to be the predominant perﬂuorinated
pollutant for which concentrations up to
3.68 µg/g liver tissue in top predators have
been reported. Even at remote locations, per-
ﬂuorochemicals are present in animal tissues,
but the levels are usually higher in more
populated and industrialized regions (Giesy
and Kannan 2001; Kannan et al. 2001a).
Although the available literature provides only
little information on perﬂuorochemical distri-
bution in terrestrial mammalian species, avail-
able data show that these chemicals might be
widespread in the terrestrial mammalian
fauna. PFOS has been detected in livers of
polar bears (0.18–0.68 µg/g wet weight),
minks (0.97–3.68 µg/g wet weight), and river
otters (0.034–0.99 µg/g wet weight) (Giesy
and Kannan 2001; Kannan et al. 2002c).
A discrepancy exists between the scarcity
of information on the presence and distribu-
tion of perﬂuorochemicals in terrestrial mam-
malian wildlife species and the relatively
larger number of reports on in vivo toxico-
logic effects of perfluorochemicals assessed
under laboratory conditions in mammalian
species. Known in vivo effects of perfluoro-
chemical exposure are an increase of the
relative liver weight in the rat, mouse, and
cynomolgus monkey and the induction of
peroxisomal fatty acid β-oxidation and effects
on several biochemical end points related to
oxidative stress in the rat and mouse (Ikeda
et al. 1985, 1987; Permadi et al. 1992, 1993;
Sohlenius et al. 1993). Other documented
effects are the induction of hypolipemia in
the rat, mouse, and cynomolgus monkey
(Haughom and Spydevold 1992; Lau et al.
2001; Seacat et al. 2002) and the inhibition of
gap junction intercellular communication
(Hu et al. 2002) and effects on carboxyl-
esterase expression in the rat (Derbel et al.
1996). Developmental and maternal effects in
the rabbit, rat, and mouse (Lau et al. 2001;
York et al. 2000) and promotion of carcino-
genesis in the rat (Abdellatif et al. 1990) have
also been reported.
The aim of the present study was to evalu-
ate the effects of PFOS exposure in wood mice
(Apodemus sylvaticus) under ﬁeld conditions.
For the latter purpose, animals were trapped
at a nature reserve next to a fluorochemical
production plant and a location away from
this potential pollution source. The liver con-
centrations of PFOS and some perﬂuorinated
fatty acids were measured to establish possible
differences in exposure between both loca-
tions. Afterward, biologic and biochemical
effect end points were studied. Therefore, the
liver weight, relative liver weight, liver peroxi-
somal fatty acid β-oxidation activity, degree
of microsomal lipid peroxidation, and total
protein content and catalase activity in the
liver mitochondrial fraction were assessed. To
study the hypolipemic effect, the serum
triglyceride and cholesterol levels were mea-
sured. The serum alanine aminotransferase
(ALT) activity and the serum potassium level
were assessed as general markers for monitor-
ing possible hepatic damage (Morgan et al.
2002) and renal failure (Vricella et al. 1992),
respectively. The relationship between the
individual PFOS levels and the latter end
points was assessed. Potential age and sex
effects on the PFOS bioaccumulation and the
different end points were taken into account.
Materials and Methods
Sampling. In September 2002 wood mice
(Apodemus sylvaticus) were captured at
Blokkersdijk (n = 21) and Galgenweel
(n =2 1), located in the city of Antwerp,
Belgium (Figure 1). Both areas are artificial
sand dune habitats with willow (Salix spp.)
groves. Sherman live traps were set up at
dusk. The trapped animals were brought to
the laboratory the next morning. Upon
arrival, the animals were anesthetized with
ether, and blood was taken using the retro-
orbital puncture method. Serum was pre-
pared by centrifugation at room temperature
(4,000 rpm, 5 min) and frozen in liquid
nitrogen. After sacrificing the animals, sex,
body, and liver weight were determined. The
eye lenses were collected and fixed in 10%
formaldehyde. The liver was dissected,
weighed, and stored in liquid nitrogen for
further analysis.
Age determination. The eye lenses were
dried at 80°C for 24 hr and immediately
weighed with an accuracy of 0.1 mg. The age
of the animals (expressed in days) was calcu-
lated using the equation exp[(weight of both
lenses in milligrams + 15.213)/6.568]
(Vandorpe and Verhagen 1979).
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Wood mice (Apodemus sylvaticus) were captured at Blokkersdijk, a nature reserve in the immediate
vicinity of a ﬂuorochemical plant in Antwerp, Belgium, and at Galgenweel, 3 kilometers farther
away. The liver perﬂuorooctane sulfonic acid (PFOS) concentrations in the Blokkersdijk mice were
extremely high (0.47–178.55 µg/g wet weight). Perfluorononanoic, perfluorodecanoic, perfluo-
roundecanoic, and perfluorododecanoic acids were found sporadically in the liver tissue of the
Blokkersdijk mice. The liver PFOS concentrations at Galgenweel were significantly lower than
those at Blokkersdijk (0.14–1.11 µg/g wet weight). Further results suggest sex independence of the
liver PFOS levels, increased levels of PFOS bioaccumulation in older mice, and maternal PFOS
transfer to the young. Several liver end points were signiﬁcantly elevated in the Blokkersdijk mice:
liver weight, relative liver weight, peroxisomal β-oxidation activity, microsomal lipid peroxidation
level, and mitochondrial fraction protein content. For the mitochondrial fraction catalase activity,
no signiﬁcant difference between locations was found. The liver weight, relative liver weight, and
liver microsomal lipid peroxidation level increased signiﬁcantly with the liver PFOS concentration.
No indications for PFOS-mediated effects on the serum triglyceride, cholesterol, or potassium lev-
els were obtained. The liver PFOS concentration was negatively related to the serum alanine
aminotransferase activity. Key words: alanine aminotransferase, bioaccumulation, microsomal lipid
peroxidation, PFOS, relative liver weight, wood mouse. Environ Health Perspect 112:681–686
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were homogenized on ice in 0.25 M sucrose
with an MSE 150 W ultrasonic disintegrator
(MSE Scientific Instruments, Sussex, UK).
Mitochondrial and microsomal fractions were
prepared from liver homogenate in 0.25 M
sucrose according to Meijer et al. (1987). In
the ﬁnal step of the microsomal fraction prepa-
ration, the sucrose was washed away with
0.15 M KCl. The catalase activity in the mito-
chondrial fraction was measured ﬂuorometri-
cally by a coupled reaction measuring resoruﬁn
formation (λex 540 nm, λem 590 nm) with the
Amplex Red Catalase Kit (Molecular Probes,
Leiden, The Netherlands). The peroxisomal 
β-oxidase activity was also measured on the
mitochondrial fraction using fluorometric
measurement of the β-oxidation rate based on
the peroxidase-linked oxidation of hydroxy-
phenylacetic acid (λex 318 nm, λem 405 nm)
according to Kvannes and Flatmark (1991)
with minor changes. The lipid peroxidation
level of the microsomal fraction was determined
by assessing malondialdehyde–thiobarbituric
acid complex formation fluorometrically
(λex 515 nm, λem 555 nm) according to Yagi
(1976) with slight modiﬁcations. The protein
content of the mitochondrial and microsomal
fractions was determined with the Bio-Rad
Protein Assay (Bio-Rad, Munich, Germany).
Serum biochemical assays. The serum ALT
activity was determined by the spectrophoto-
metric method described by Bergmeyer et al.
(1986). Cholesterol concentrations were meas-
ured spectrophotometrically at 500 nm accord-
ing to Allain et al. (1974), and the triglyceride
concentration was assessed spectrophotometri-
cally at 640 nm as described by Spayd et al.
(1978). The serum potassium levels were
measured with an ion-selective electrode on a
9180 Electrolyte Analyzer (AVL Scientific
Corporation, Roswell, GA, USA). The protein
content of the serum was determined with the
Bio-Rad Protein Assay.
Determination of perﬂuorochemical concen-
trations. The liver concentrations of perﬂuoro-
octanoic acid (PFOA), perﬂuorononanoic acid
(PFNA), PFOS, perfluorodecanoic acid
(PFDA), perfluoroundecanoic acid (PFUA),
and perﬂuorododecanoic acid (PFDOA) were
measured using combined high-performance
liquid chromatography–mass spectrometry
(HPLC-MSMS) according to Giesy and
Kannan (2001). HPLC was done on a CapLC
system (Waters, Milford, MA, USA) con-
nected to a Quattro II triple quadrupole mass
spectrometer (Micromass, Manchester, UK).
Aliquots of 5 µL were loaded on an Optiguard
C18 precolumn (10 mm × 1 mm inner diam-
eter; Alltech, Deerﬁeld, IL, USA). The analysis
was performed on a Betasil C18 column
(50 mm × 1 mm inner diameter; Keystone
Scientiﬁc, San Jose, CA, USA) at a ﬂow rate of
40 µL/min. The mobile phase was 2 mM
NH4OAc (A) / CH3OH (B). A gradient elu-
tion was used starting at 10% B and going to
90% B in 8 min. At 10 min the initial condi-
tions were resumed. PFOA, PFNA, PFOS,
PFDA, PFUA, and PFDOA were measured
under (–)electrospray ionization using the
respective transitions 413→369, 463→419,
499→99, 513→469, 563→519, and
613→569. The internal standard (1H,1H,2H,
2H-perﬂuorooctane sulfonic acid) was meas-
ured under the same conditions (427→81).
The dwell time was 0.1 sec. The electrospray-
capillary voltage was set at –3.5 kV, and the
cone voltage was 24 V. The source temperature
was 80°C. The pressure in the collision cell was
3.3 × 10–5 mm Hg (Ar). The PFOS concentra-
tions were calculated using an unextracted
calibration curve. The standard deviations of
replicate analyses were maximally 17%. The
detection limits are shown in Table 1.
Statistical analysis. An analysis of variance
(ANOVA) was used in order to test for differ-
ences in liver PFOS concentrations, age struc-
ture, and weight among the study populations.
In the second instance, we carried out a general
linear model analysis (GLM) (SAS 1999) to
determine whether sex and age inﬂuenced the
PFOS concentrations. Sex, location, and age
and the interaction between latter variables
were used as independent variables and the 
log-transformed liver PFOS concentrations as
the dependent variable. We also tested whether
there was a sex, location, or age effect for the
different biologic and biochemical end points
using GLM. The logarithmic transformed val-
ues of the biochemical end points were consid-
ered dependent variables, whereas sex, location,
and age and all interactions were considered
independent variables.
The relationship between the different
biologic and biochemical end points and the
PFOS concentrations was investigated with
linear mixed model analysis (LMM) (SAS
1999). The logarithmic transformed values of
the biochemical end points were considered
dependent variables, whereas PFOS was used
as an independent variable. Location was
treated as random effect to account for poten-
tial differences among sites. For the analysis of
the relationship between PFOS and liver
weight, we also considered body weight as
covariate in the analysis. Because graphical
investigation suggested that the relationship
between the hepatic PFOS concentration and
the relative liver weight or the liver microso-
mal lipid peroxidation level was not linear, we
ﬁtted nonlinear regression equations through
these data using DataFit software (Oakdale
Engineering, Oakdale, PA, USA).
All statistical analyses except for the
nonlinear regression analyses were performed
with the PROC MIXED module (SAS 1999).
We used a stepwise backward selection proce-
dure to remove all insignificant interactions
from the regression model, starting with
the least significant terms. The need of the
random terms was assessed with the Akaike
Information Criterion (Akaike 1974). The
degrees of freedom of the ﬁxed-effects F-test
were adjusted for statistical dependence using
Satterthwaite formulas (Satterthwaite 1941).
Variance components were estimated by
restricted maximum likelihood.
Results
The PFOS liver concentrations at Blokkersdijk
ranged from 0.47 to 178.55 µg/g wet weight,
whereas those at Galgenweel ranged from
0.14 to 1.11 µg/g wet weight (Table 1). Mean
PFOS liver concentrations at Blokkersdijk dif-
fered signiﬁcantly from those at Galgenweel.
The median and liver PFOS concentrations
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Figure 1. Study area and sampling sites.were also higher at Blokkersdijk. Table 1 also
shows that PFNA, PFDA, PFUA, and PFDOA
were sporadically detected in, respectively, 5,
10, 29, and 38% of the Blokkersdijk mice but
not in the Galgenweel mice. The latter per-
fluorocarboxylates were generally present
at detectable concentrations in those mice
with the highest PFOS concentrations. PFOA
was not observed above the detection limit
(0.11 µg/g) in any of the mice.
Mean mouse age did not differ signiﬁcantly
[F1,34 = 0.36, p = not signiﬁcant (NS)] between
the Blokkersdijk population (mean ± SD,
70 ± 36 days) and the Galgenweel population
(71 ± 22 days). It is therefore unlikely that the
differences in PFOS liver concentration are
caused by a different age structure of the two
populations. This is confirmed by the GLM
analysis, which shows that PFOS concentrations
still differ between Blokkersdijk and Galgenweel
when age and sex are included in the model
(Table 2). This analysis also showed an age-
related increase of PFOS liver concentration but
no difference between sexes was observed. The
interaction terms were not significant. Body
weight did not differ signiﬁcantly (F1,34 = 0.59,
p = NS) between Blokkersdijk (14.1 ± 3.7 g)
and Galgenweel mice (14.8 ± 3.3 g).
The relative liver weight, mitochondrial
fraction protein content, peroxisomal β-oxi-
dation activity, and microsomal lipid per-
oxidation level were significantly higher in
mice from Blokkersdijk than in those from
Galgenweel (Table 3). The liver weight was
positively related to body weight and was
higher at Blokkersdijk (0.77 ± 0.23 g) than at
Galgenweel (0.69 ± 0.16 g; location: F1,33 =
11.17, p = 0.002; body weight: F1,33 =
139.66; p < 0.001). The mitochondrial frac-
tion catalase activity showed no significant
location effect. The mitochondrial fraction
protein content and the liver lipid peroxida-
tion level were shown to be sex dependent
(Table 3). Both end points were higher in
females than in males, but the difference
among the liver lipid peroxidation levels of
both sexes was larger at Blokkersdijk than at
Galgenweel, as indicated by the significant
interaction between sex and location. None of
the latter end points was related to age. The
relative liver weight and the liver microsomal
lipid peroxidation level showed a significant
relationship with the liver PFOS concentra-
tion (Figures 2 and 3, Table 3). Liver weight,
with body weight as covariate, was also posi-
tively related to liver PFOS concentration
(PFOS: F1,32.7 = 4.98, p = 0.033; body
weight: F1,32.5 = 127.36, p < 0.001; log10 liver
weight = 2.4287 + 0.000559 × PFOS +
0.02821 × body weight).
The values of the different serum end
points did not differ between locations or
sexes. The serum triglyceride concentration
was positively related to the age (Table 4). For
the serum end points, a significant positive
relation with the liver PFOS concentration
could be shown for the triglyceride concentra-
tion, and a signiﬁcant negative relation for the
ALT activity (Table 4).
Discussion
The assessment of the liver PFOS concentra-
tions showed that the mean and median liver
PFOS concentrations in the Blokkersdijk mice
(26.18 µg/g and 5.06 µg/g wet weight, respec-
tively) exceed the maximum liver PFOS con-
centration reported in wildlife so far (3.68 µg/g
wet weight in mink liver; Giesy and Kannan
2001). The liver PFOS concentration range in
Blokkersdijk mice (0.47–178.55 µg/g wet
weight) has a higher minimum and maximum
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Table 1. Perﬂuorochemical concentrations in wood mouse liver (µg/g wet weight).
No. PFOS PFNA PFDA PFUA PFDOA
Blokkersdijk 1 15.34 0.27 < LOD < LOD 0.04
2 4.94 < LOD < LOD < LOD < LOD
3 2.01 < LOD < LOD < LOD < LOD
4 1.55 < LOD < LOD < LOD < LOD
5 7.71 < LOD < LOD < LOD 0.04
6 52.65 < LOD < LOD 0.15 0.10
7 0.47 < LOD < LOD < LOD < LOD
8 2.35 < LOD < LOD < LOD < LOD
9 2.89 < LOD < LOD < LOD < LOD
10 56.78 < LOD < LOD 0.07 0.21
11 45.66 < LOD 0.13 0.06 0.22
12 98.41 < LOD < LOD 0.04 0.11
13 1.73 < LOD < LOD < LOD < LOD
14 2.10 < LOD < LOD < LOD < LOD
15 9.19 < LOD < LOD < LOD < LOD
16 25.25 < LOD 0.19 0.08 0.09
17 28.07 < LOD < LOD 0.08 0.10
18 4.71 < LOD < LOD < LOD < LOD
19 5.06 < LOD < LOD < LOD < LOD
20 4.30 < LOD < LOD < LOD < LOD
21 178.55 < LOD < LOD < LOD < LOD
Minimum 0.47 < LOD < LOD < LOD < LOD
Maximum 178.55 0.27 0.19 0.15 0.22
Median 5.06 — — — —
Meana ±S D 26.18 ± 43.12 — — — —
Galgenweel 22 0.37 < LOD < LOD < LOD < LOD
23 0.19 < LOD < LOD < LOD < LOD
24 0.42 < LOD < LOD < LOD < LOD
25 0.14 < LOD < LOD < LOD < LOD
26 0.15 < LOD < LOD < LOD < LOD
27 1.11 < LOD < LOD < LOD < LOD
28 0.28 < LOD < LOD < LOD < LOD
29 0.36 < LOD < LOD < LOD < LOD
30 0.87 < LOD < LOD < LOD < LOD
31 0.24 < LOD < LOD < LOD < LOD
32 0.23 < LOD < LOD < LOD < LOD
33 0.47 < LOD < LOD < LOD < LOD
34 0.23 < LOD < LOD < LOD < LOD
35 0.19 < LOD < LOD < LOD < LOD
36 0.22 < LOD < LOD < LOD < LOD
37 0.24 < LOD < LOD < LOD < LOD
38 0.36 < LOD < LOD < LOD < LOD
39 0.30 < LOD < LOD < LOD < LOD
40 0.39 < LOD < LOD < LOD < LOD
41 0.23 < LOD < LOD < LOD < LOD
42 0.30 < LOD < LOD < LOD < LOD
Minimum 0.14 < LOD < LOD < LOD < LOD
Maximum 1.11 < LOD < LOD < LOD < LOD
Median 0.28 — — — —
Meana ±S D 0.35 ± 0.23 — — — —
Abbreviations: —, Median, mean ± SD cannot be calculated if values are < LOD; LOD, limit of detection. The numbers (no.)
refer to individual mice captured at Blokkersdijk (1–22) or Galgenweel (23–42). LOD values for PFNA, PFDA, PFUA, and
PFDOA were, respectively, 0.09, 0.05, 0.03, and 0.04 µg/g wet weight. 
aMean liver PFOS concentrations differ signiﬁcantly between Blokkersdijk and Galgenweel (ANOVA: F1,34 = 81.19, p < 0.001).
Table 2. General linear model analyses of the
effects of sex, location, and age on the liver PFOS
concentration (µg/g wet weight) in wood mice.
Variables F-value df p-Value
Location 100.94 1, 32 < 0.001
Sex 0.03 1, 32 NS
Age 8.74 1, 32 0.006
df, degrees of freedom. All two-way and the three-way
interaction terms were insignificant and were removed
from the model.than do serum PFOS concentration ranges that
have been reported for ﬂuorochemical produc-
tion employees in Decatur, Alabama (USA),
and Antwerp, which were 0.06–10.06 µg/mL
and 0.04–6.24 µg/mL, respectively (Olsen et al.
2003). A similar liver concentration range
(2.00–72.9 µg PFOS/g wet weight) has also
been reported in ﬁsh after an accidental release
of 22,000 L ﬁre retardant foam into a nearby
creek (Moody et al. 2002). This suggests that
the Blokkersdijk mice were also most probably
subjected to massive perﬂuorochemical expo-
sure by the ﬂuorochemical plant nearby. PFOS
was not the only perﬂuorinated contaminant
present in the liver tissue of the Blokkersdijk
mice because PFNA, PFDA, PFUA, and
PFDOA could also be detected, although only
sporadically. The perfluorocarboxylates were
generally present at lower concentrations than
was PFOS, supporting the observation that
PFOS is usually the perﬂuorochemical that is
present at the highest concentrations in animal
tissues (Kannan et al. 2002a, 2002b, 2002c;
Moody et al. 2002) probably because it might
be a breakdown product of several perﬂuoro-
chemicals (Canadian Environmental Protection
Act 1999). The perfluorocarboxylates could
have the same origin as PFOS because they
tend to be present in the mice with the highest
PFOS concentrations. At Galgenweel, the
measured perﬂuorocarboxylates were present
at levels below the detection limit, suggesting
a lower degree of perﬂuorinated pollution at
this location. Also, the liver PFOS concentra-
tions in mice from Galgenweel were lower
(0.14–1.11 µg/g wet weight) than in mice
from Blokkersdijk (0.47–178.55 µg/g wet
weight), suggesting that Blokkersdijk is a hot
spot for perﬂuorinated pollution. At present,
it is difficult to evaluate or to comment on
the PFOS pollution degree at Galgenweel
because of a lack of reports on background
PFOS tissue concentrations in wildlife rodent
species in Belgium. Interestingly, a liver tissue
PFOS pollution gradient was recently found
in two species of ﬁsh, bib (Trisopterus luscus)
and plaice (Pleuronectes platessa), in the
Western Scheldt River (Hoff et al. 2003),
conﬁrming the hypothesis that a point source
such as this ﬂuorochemical plant might be an
important source of PFOS (precursor) release
in the environment.
The age dependence of the liver PFOS level
indicates that PFOS bioaccumulates with age in
mouse liver tissue. This could correspond with
biomonitoring studies assessing the liver PFOS
level in polar bears in which a trend for higher
PFOS concentrations has been found in adults
compared with subadults (p = 0.07; Kannan
et al. 2001b). Also, in bald eagles less PFOS was
generally found in plasma of nestlings than in
adult liver tissue (Kannan et al. 2001a). The
results presented do not corroborate with ear-
lier reports on PFOS concentrations in water
bird liver (Kannan et al. 2002a), river otter
liver (Kannan et al. 2002c), and blood or liver
of ringed and gray seals (Kannan et al. 2001b,
2002b) because no age-speciﬁc trends or dif-
ferences in PFOS tissue concentrations were
found in these species. The youngest animal
captured at Blokkersdijk was 20 days old and
had a liver PFOS concentration of 52.65 µg/g
wet weight (Table 1, no. 6). Because the lacta-
tion duration for wood mice is 18–22 days
(Corbet and Harris 1991), we suggest that
PFOS could be transferred from the dam to
the pup during pregnancy and/or lactation.
In the present study, no signiﬁcant differ-
ences in liver PFOS concentration among sexes
were found what is concurrent with earlier data
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Table 3. Liver end points (mean ± SD) for the different study sites.
Peroxisomal Mitochondrial fraction Microsomal
Mitochondrial fraction β-oxidation activity catalase activity lipid peroxidation
Relative liver weight protein content (10–4 nmol H2O2/mg (nmol H2O2/mg (nmol malondialdehyde/mg
(mg liver/g body) (mg protein/g liver) protein × min) protein × min) protein)
Blokkersdijk
Total 54 ± 7 2.27 ± 0.80 93.42 ± 35.06 10.09 ± 3.78 3.68 ± 1.15
Males 53 ± 8 2.07 ± 0.64 92.69 ± 40.30 10.29 ± 4.01 3.03 ± 0.52
Females 56 ± 7 2.66 ± 1.01 94.88 ± 24.55 9.63 ± 3.61 5.11 ± 0.75
Galgenweel
Total 46 ± 4 1.76 ± 0.95 58.76 ± 23.23 8.08 ± 2.57 2.91 ± 0.62
Males 46 ± 3 1.45 ± 0.70 63.97 ± 21.66 9.12 ± 2.16 2.82 ± 0.72
Females 48 ± 5 2.34 ± 1.14 49.21 ± 24.87 6.68 ± 2.56 3.03 ± 0.47
GLM
Location F1,32 = 16.41*** F1,31 = 5.77* F1,31 = 11.67** F1,26 = 2.10 F1,28 = 15.56***
Sex F1,32 = 1.13 F1,31 = 5.14* F1,31 = 0.84 F1,26 = 2.94 F1,28 = 13.80***
Age F1,32 = 0.00 F1,31 = 0.12 F1,31 = 0.56 F1,26 = 2.23 F1,28 = 0.13
Location × Sex — — — — F1,28 = 6.56*
LMM
Statistics F1,33.9 = 5.46* F1,31.8 = 0.13 F1,33.6 = 0.14 F1,23.6 = 0.36 F1,16.3 = 8.43**
Model Log10 Y = 1.6895 + — — — Log10 Y = 0.4728 +
0.000554 × PFOS 0.001578 × PFOS
—, No models were constructed if statistics were not signiﬁcant. GLM analysis of the effect of sex, location, and age on the liver end points. LMM analysis of the relationship between
the liver PFOS concentration (µg/g wet weight) and the liver end points. 
*p < 0.05; **p < 0.01; ***p < 0.001.
Figure 2. Regression curve describing the relation-
ship between the relative liver weight and the liver
PFOS concentration in mice. The regression equa-
tion is y = 0.04901 × x0.03982, where y represents the
relative liver weight (g/g wet weight) and x the
hepatic PFOS concentration (µg/g wet weight; R2 =
0.42, p < 0.001).
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Figure 3. Regression curve describing the relation-
ship between the liver microsomal lipid peroxida-
tion level and the liver PFOS concentration in mice.
The regression equitation is y = log(19.5489 + 0.7360
× x), where y represents the liver microsomal lipid
peroxidation level (nmol malondialdehyde/mg pro-
tein) and x the hepatic PFOS concentration (µg/g
wet weight; R2 = 0.30, p < 0.001).
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●on the liver or plasma PFOS concentrations for
several other species (Kannan et al. 2001a,
2001b, 2002a, 2002c). In male gray seals,
however, the liver and blood PFOS concentra-
tions were found to be signiﬁcantly higher than
in females (Kannan et al. 2001b, 2002b).
Under controlled laboratory conditions, sex-
related differences in hepatic elimination rate
in rats were reported for PFOA (Vanden
Heuvel et al. 1991a) and PFDA (Vanden
Heuvel et al. 1991b). Also, hepatic PFOA and
PFNA concentrations are markedly higher in
exposed male than in female rats (Kudo et al.
2000). The present report, however, does not
suggest a sex-associated difference in liver
PFOS concentrations. Therefore, it might be
possible that sex-speciﬁc perﬂuorochemical tis-
sue elimination rates are conﬁned only to some
perfluorochemicals and/or specific rodent
species such as the rat.
The observed signiﬁcant positive relation
between the liver PFOS content and the rela-
tive liver weight corroborates earlier work on
mice orally exposed to PFOS under laboratory
conditions because this exposure increased the
relative liver weight significantly (Sohlenius
et al. 1993).
In the rat, microsomal nicotinamide
adenine dinucleotide phosphate (NADPH)-
dependent lipid peroxidation increased after
PFOA exposure (Kawashima et al. 1994). This
is consistent with the ﬁndings in the present
study, suggesting an increased oxidative stress
level after PFOS exposure of wood mice in the
ﬁeld. However, the lipid peroxidation level in
the mitochondrial fraction of mice decreased in
mice exposed to PFOA under laboratory con-
ditions (Permadi et al. 1992), but this could be
caused by differences in response between the
mitochondrial and the microsomal fraction.
The lack of any signiﬁcant predictability of
the liver PFOS content toward the peroxisomal
β-oxidation activity, mitochondrial catalase
activity, and total protein content in the mito-
chondrial fraction stands in contrast with the
results of previous laboratory studies in mice
(Permadi et al. 1993; Sohlenius et al. 1993).
It is possible that species sensitivity differences
or differences in exposure regime between
these laboratory studies could (partially)
explain the discrepancies between the results
obtained in the field and in the laboratory.
Also, other perfluorinated pollutants might
affect the investigated liver end points.
The presence of PFNA, PFDA, PFUA, and
PFDOA clearly shows that perfluorinated
compounds other than PFOS are present in
the Blokkersdijk mouse liver tissues, possibly
affecting the liver biochemistry and contribut-
ing to the elevated values for the liver end
points observed at Blokkersdijk. Moreover,
Blokkersdijk—although a nature reserve—is
situated at the border of a heavily industrialized
area, so it is possible that the mice are contami-
nated with other (nonperfluorinated) com-
pounds contributing to the observed location
dependence of the liver end points (except for
the mitochondrial fraction catalase activity).
It has been shown that PFOS exposure
drastically decreases the serum triglyceride
level in mice exposed in the laboratory
(Haughom and Spydevold 1992). The present
results show a signiﬁcant positive relationship
between the liver PFOS concentration and the
serum triglyceride concentration. However,
the latter relation probably does not reﬂect an
exposure–effect relationship but most likely
results from the fact that the concentrations of
both liver PFOS and serum triglycerides
increase with age. This is illustrated by the
positive relationship between the liver PFOS
concentration and the age and the positive
relationship between the serum triglyceride
level and the age.
Perﬂuorochemical concentrations required
to induce triglyceride accumulation in the liver
of rats are much higher than those inducing
the liver peroxisomal β-oxidation (Kudo and
Kawashima 2003). Haughom and Spydevold
(1992) showed that a perﬂuorochemical-medi-
ated decrease in serum triglyceride concentra-
tion can be paralleled by an increase in hepatic
triglyceride content in the rat. Taken together,
these observations illustrate that the perﬂuoro-
chemical threshold concentrations in rodents
might be different for the serum-triglyceride–
lowering effect than for the induction of hepatic
β-oxidation. This difference in threshold could
be an explanation for the signiﬁcantly increased
peroxisomal β-oxidation activity and the lack of
a serum triglyceride decrease at Blokkersdijk
compared with Galgenweel.
As suggested by the absence of a signiﬁcant
relation between the serum cholesterol and the
liver PFOS concentration, no indications for a
PFOS-mediated serum cholesterol-lowering
effect were found.
Serum ALT activity was shown to have a
signiﬁcant negative relationship with the liver
PFOS concentration in the present study. This
contrasts with a rat study in which PFOS expo-
sure resulted in increased plasma and serum
transaminase levels (Goldenthal et al. 1978).
The reason for this discrepancy is at present not
clear, but it is possible that differences in expo-
sure route and/or animal species account for
this observation. Moreover, undefined con-
founding factors in the present study might
inﬂuence the relation between the liver PFOS
concentration and the serum ALT activity.
Because no signiﬁcant relation between the
potassium level and the liver PFOS level was
observed, PFOS probably did not induce
hyperkalemia in the mice, a phenomenon that
has been reported for a moribund cynomolgus
monkey chronically exposed to PFOS (Seacat
et al. 2002) and that is used as a marker for
renal failure (Vricella et al. 1992).
Recently, the liver PFOS critical toxicity
value (based on reduction in rat dam body
weight under controlled laboratory conditions)
was set at 14.4 µg/g (Canadian Environmental
Protection Act 1999). The environmental
toxicity value for mammals derived from this
rat study and taking into account laboratory-
to-field extrapolation and within- and
between-species variability was deﬁned to be
0.144 µg/g. In the presented study, the theo-
retical risk quotients for wood mice (deﬁned as
the ratio of their hepatic PFOS concentration
and the environmental toxicity value) exceed
the value of 1 for all wood mice analyzed,
suggesting that there might be a toxicologic
risk associated with PFOS exposure in these
animals. The PFOS-related toxicologic effects
are clearly supported by the observed PFOS-
exposure–related biomarker effects found in
the present study. However, at present it is not
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Table 4. Serum end points (mean ± SD) for the different study sites.
Triglyceride Cholesterol Potassium ALT
(mg/dL) (mg/dL) (mmol/L) U/g protein U/dL
Blokkersdijk
Total 106 ± 76 132 ± 30 4.14 ± 0.97 1.93 ± 0.66 12.5 ± 4.5
Males 85 ± 52 139 ± 42 4.12 ± 0.65 1.80 ± 0.46 11.6 ± 3.1
Females 148 ± 105 151 ± 17 4.17 ± 1.42 2.15 ± 0.94 14.0 ± 6.5
Galgenweel
Total 102 ± 55 143 ± 35 4.13 ± 0.65 2.21 ± 0.64 14.2 ± 3.8
Males 108 ± 65 124 ± 28 4.17 ± 0.69 2.21 ± 0.64 14.1 ± 4.1
Females 92 ± 33 145 ± 31 4.07 ± 0.66 2.21 ± 0.68 14.3 ± 3.6
GLM
Location F1,28 = 0.23 F1,31 = 1.13 F1,29 = 0.00 F1,30 = 2.37 F1,30 = 2.44
Sex F1,28 = 0.00 F1,31 = 1.44 F1,29 = 0.00 F1,30 = 0.01 F1,30 = 0.00
Age F1,32 = 6.47* F1,31 = 2.50 F1,29 = 0.84 F1,30 = 3.00 F1,30 = 3.83
LMM
Statistics F1,25.4 = 6.58* F1,33.0 = 2.69 F1,31.0 = 2.06 F1,32.0 = 3.65 F1,32.0 = 4.71*
Model Log10 Y = 1.9102 + — — — Log10 Y = 1.1257 –
0.002683 × PFOS 0.00139 × PFOS
—, No models were constructed if statistics were not signiﬁcant. GLM analysis of the effect of sex, location, and age on
the liver end points. LMM analysis of the relationship between the liver PFOS concentration (µg/g wet weight) and the
liver end points.
*p < 0.05.clear whether these biomarker effects have any
ecologic relevance and reﬂect deleterious future
effects on the individual or population level.
Conclusions
This study shows that wood mice living
in proximity to a fluorochemical plant in
Antwerp are heavily contaminated with
PFOS and to a lesser extent with perfluoro-
carboxylates. This study also suggests that
hepatic PFOS bioaccumulation is age depen-
dent and that maternal PFOS transfer to the
young during pregnancy and/or lactation
might occur. Among the liver end points, the
relative liver weight and the microsomal lipid
peroxidation level, indicating oxidative stress,
are most apparently related to the liver PFOS
concentration. The serum ALT activity was
the only measured serum end point suggested
to be signiﬁcantly affected by PFOS exposure.
However, further study is required to under-
stand the possible adverse impact of these
observed biochemical alterations at a higher
level of biologic organization.
REFERENCES
Abdellatif AG, Preat V, Vamecq J, Nilsson R, Roberfroid M.
1990. Peroxisome proliferation and modulation of rat liver
carcinogenesis by 2,4-D, 2,4,5-T, perfluorooctanoic acid
and nafenopin. Carcinogenesis 11:1899–1902.
Akaike K. 1974. A new look at the statistical model identiﬁcation.
IEEE T Automat Contr 19:716–723.
Allain CC, Poon LS, Chan CSG, Richmond W, Fu PC. 1974.
Enzymatic determination of total serum cholesterol. Clin
Chem 20:470–475.
Bergmeyer HU, Hørder M, Rej R. 1986. Approved recommenda-
tion (1985) on IFCC methods for the measurement of catalytic
concentration of enzymes. Part 3. IFCC method for alanine
aminotransferase. J Clin Chem Clin Biochem 24:481–495.
Canadian Environmental Protection Act. 1999. Available: http://
www.ec.gc.ca/CEPARegistry/the_act/ [accessed 5 April
2004].
Corbet GB, Harris S. 1991. The Handbook of British Mammals.
3rd ed. London:Blackwell Science.
Derbel M, Hosokawa M, Satoh T. 1996. Differences in the
induction of carboxylesterase RL4 in rat liver microsomes
by various perfluorinated fatty acids, metabolically inert
derivatives of fatty acids. Biol Pharm Bull 19:765–767.
Giesy JP, Kannan K. 2001. Global distribution of perﬂuorooctane
sulfonate in wildlife. Environ Sci Technol 35:1339–1342.
Goldenthal EI, Jessup DC, Geil RG, Jefferson ND, Arceo RJ,
Ruecker FA. 1978. Ninety-Day Subacute Rat Toxicity Study
No. 137-085. Mattawan, MI:International Research
Development Corporation.
Haughom B, Spydevold Ø. 1992. The mechanism underlying the
hypolipemic effect of perﬂuorooctanoic acid (PFOA), perﬂu-
orooctane sulfonic acid (PFOSA) and cloﬁbric acid. Biochim
Biophys Acta 1128:65–72.
Hoff PT, Van de Vijver K, Van Dongen W, Esmans EL, Blust R,
De Coen WM. 2003. Perfluorooctane sulfonic acid in bib
(Trisopterus luscus) and plaice (Pleuronectes platessa)
from the Western Scheldt and the Belgian North Sea: 
distribution and biochemical effects. Environ Toxicol Chem
22:608–614.
Hu W, Jones PD, Upham BL, Trosko JE, Lau C, Giesy JP. 2002.
Inhibition of gap-junction intercellular communication by
perfluorinated compounds in rat liver and dolphin kidney
epithelial cell lines in vitro and Sprague-Dawley rats in vivo.
Toxicol Sci 68:429–436.
Ikeda T, Aiba K, Fukuda K, Tanaka M. 1985. The induction of
peroxisome proliferation in rat liver by perfluorinated
fatty acids, metabolically inert derivatives of fatty acids.
J Biochem 98:475–482.
Ikeda T, Fukuda K, Mori I, Enomoto M, Komai T, Suga T. 1987.
Induction of cytochrome P-450 and peroxisome proliferation
in rat liver by perﬂuorinated octane sulphonic acid (PFOS).
In: Peroxisomes in Biology and Medicine (Fahimi HD, Sies
H, eds). Heidelberg, Germany:Springer-Verlag, 304–308.
Kannan K, Choi J-W, Iseki N, Senthilkumar K, Kim DH,
Masunaga S, et al. 2002a. Concentrations of perﬂuorinated
acids in livers of birds from Japan and Korea. Chemosphere
49:225–231.
Kannan K, Corsolini S, Falandysz J, Oehme G, Focardi S, Giesy JP.
2002b. Perfluorooctanesulfonate and related fluorinated
hydrocarbons in marine mammals, fishes, and birds from
coasts of the Baltic and the Mediterranean Seas. Environ
Sci Technol 36:3210–3216.
Kannan K, Franson JC, Bowerman WW, Hansen KJ, Jones PD,
Giesy JP. 2001a. Perfluorooctane sulfonate in fish-eating
water birds including bald eagles and albatrosses. Environ
Sci Technol 35:3065–3070.
Kannan K, Koistinen J, Beckmen K, Evans T, Gorzelany JF, Hansen
KJ, et al. 2001b. Accumulation of perﬂuorooctane sulfonate in
marine mammals. Environ Sci Technol 35:1593–1598.
Kannan K, Newsted J, Halbrook RS, Giesy JP. 2002c.
Perfluorooctanesulfonate and related fluorinated hydro-
carbons in mink and river otters from the Unites States.
Environ Sci Technol 36:2566–2571.
Kawashima Y, Suzuki S, Kozuka H, Sato M, Suzuki Y. 1994. Effects
of prolonged administration of perfluorooctanoic acid on
hepatic activities of enzymes which detoxify peroxide and
xenobiotic in the rat. Toxicology 93:85–97.
Kudo N, Bandai N, Suzuki E, Katakura M, Kawashima Y. 2000.
Induction by perﬂuorinated fatty acids with different carbon
chain length of peroxisomal β-oxidation in the liver of rats.
Chem Biol Interact 124:119–132.
Kudo N, Kawashima Y. 2003. Induction of triglyceride accumu-
lation in the liver of rats by perﬂuorinated fatty acids with
different carbon chain lengths: comparison with induction
of peroxisomal beta-oxidation. Biol Pharm Bull 26:47–51.
Kvannes J, Flatmark T. 1991. A fluorimetric assay of acyl-CoA
oxidase activity by a coupled peroxidatic reaction: elimina-
tion of interfering side reactions. J Biochem Biophys
Methods 23:135–149.
Lau C, Rogers JM, Hanson RG, Barbee BD, Narotsky MG,
Schmid JE, et al. 2001. Developmental toxicity of perﬂuoro-
octane sulfonate (PFOS) in the rat and mouse [Abstract].
Teratology 63:290.
Meijer J, Bergstrand A, DePierre JW. 1987. Preparation and
characterization of subcellular fractions from the liver of
C57B1/6 mice, with special emphasis on their suitability for
use in studies of epoxide hydrolase activities. Biochem
Pharmacol 36:1139–1151.
Moody CA, Martin JW, Kwan WC, Muir DCG, Mabury SA. 2002.
Monitoring perﬂuorinated surfactants in biota and surface
water samples following an accidental release of fire-
fighting foam into Etobicoke Creek. Environ Sci Technol
36:545–551.
Morgan K, French SW, Morgan TR. 2002. Production of a
cytochrome P450 2E1 transgenic mouse and initial evalua-
tion of alcoholic liver damage. Hepatology 36:122–134.
Olsen GW, Burris JM, Burlew MM, Mandel JH. 2003.
Epidemiologic assessment of worker serum perfluorooc-
tanesulfonate (PFOS) and perﬂuorooctanoate (PFOA) con-
centrations and medical surveillance examinations.
J Occup Environ Med 45:260–270.
Permadi H, Lundgren B, Andersson K, De Pierre JW. 1992.
Effects of perﬂuoro fatty acids on xenobiotic-metabolizing
enzymes, enzymes which detoxify reactive forms of oxygen
and lipid peroxidation in mouse liver. Biochem Pharmacol
44:1183–1191.
Permadi H, Lundgren B, Andersson K, Sundberg C, De Pierre JW.
1993. Effects of perﬂuoro fatty acids on peroxisome prolifer-
ation and mitochondrial size in mouse liver: dose and time
factors and effect of chain length. Xenobiotica 23:761–770.
SAS Institute, Inc. 1999. SAS/STAT Guide for Personal
Computers, Version 8. Cary, NC:SAS Institute, Inc.
Satterthwaite FE. 1941. Synthesis of variance. Psychometrika
6:309–316.
Seacat AM, Thomford PJ, Hansen KJ, Olsen GW, Case MT,
Butenhoff JL. 2002. Subronic toxicity studies on perﬂuoro-
octanesulfonate potassium salt in cynomolgus monkeys.
Toxicol Sci 68:249–264.
Sohlenius A-K, Messing Eriksson A, Högström C, Kimland M,
DePierre JW. 1993. Perﬂuorooctane sulfonic acid is a potent
inducer of peroxisomal fatty acid β-oxidation and other
activities known to be affected by peroxisome proliferators
in mouse liver. Pharmacol Toxicol 72:90–93.
Spayd RW, Bruschi B, Burdick BA, Dappen GM, Eikenberry JN,
Esders TW, et al. 1978. Multilayer ﬁlm elements for clinical
analysis: applications to representative chemical determi-
nations. Clin Chem 24:1343–1350.
Vanden Heuvel JP, Kuslikis BI, Van Rafelghem MJ, Peterson RE.
1991a. Tissue distribution, metabolism, and elimination of
perﬂuorooctanoic acid in male and female rats. J Biochem
Toxicol 6:83–92.
Vanden Heuvel JP, Kuslikis BI, Van Rafelghem MJ, Peterson RE.
1991b. Disposition of perfluorodecanoic acid in male and
female rats. Toxicol Appl Pharmacol 107:450–459.
Vandorpe E, Verhagen R. 1979. An age reference model for the
wood mouse, Apodemus sylvaticus (Linnaeus, 1758), by use
of the lens technique. Ann Soc Zool Belg 109:133–140.
Vricella LA, Debegona JA, Gundry SR, Vigesaa RE, Kawauchi M,
Bailey LL. 1992. Aggressive peritoneal dialysis for treatment
of acute kidney failure after neonatal heart transplantation.
J Heart Lung Transplant 11:320–329.
Yagi K. 1976. A simple fluorometric assay for lipoperoxide in
blood plasma. Biochem Med 15:212–216.
York RG, Case MT, Christian MS. 2000. Rat and rabbit developmen-
tal toxicology studies with two perﬂuorinated compounds
administered orally. Int J Toxicol 19:35.
Article | Hoff et al.
686 VOLUME 112 | NUMBER 6 | May 2004 • Environmental Health Perspectives
Correction
In the original manuscript published online,
the relative liver weights for wood mice from
Blokkersdijk and Galgenweel and the units
for the mitochondrial fraction protein in
Table 3 were incorrect. Also, in Table 4, the
units for ALT were incorrect. These have
been corrected here.